Nutrients in uterine secretions are essential for development and survival of conceptuses (embryo and associated extraembryonic membranes) during pregnancy; however, little is known about changes in the amounts of specific nutrients in the uterine fluids of cyclic and pregnant ruminants. This study determined quantities of glucose, amino acids, glutathione, calcium, sodium, and potassium in uterine lumenal fluid from cyclic (Days 3-16) and pregnant (Days 10-16) ewes. Total recoverable glucose,
INTRODUCTION
Histotroph, which includes secretions of uterine epithelia and molecules transported into the uterine lumen, is a complex mixture of enzymes, growth factors, cytokines, lymphokines, hormones, transport proteins, and nutrients. Histotroph is critical for growth and development of ovine conceptuses (embryo/fetus and its associated membranes) as they undergo morphological transitions from spherical to tubular to filamentous forms, as well as differentiation between Days 13 and 16 of pregnancy and immediately prior to implantation [1, 2] . In ewes, survival and elongation of the conceptus as well as growth of trophectoderm are dependent on uterine secretions [3, 4] , as conceptuses fail to elongate beyond the tubular stage of development in ewes lacking uterine glands [5] . Despite the requirement for histotroph for conceptus development, little is known about its composition with respect to specific nutrients and how they change qualitatively or quantitatively during pregnancy, particularly in sheep and other ruminants.
Glucose and glutamine are major energy sources for conceptuses during development. These nutrients can regulate trophoblast cell proliferation and function through the glutamine fructose-6-phosphate amidotransferase (GFAT)-mediated FKBP12-rapamycin complex-associated protein 1 (FRAP1, formerly mTOR) signaling pathway [6] . In addition, arginine, glutamine, and leucine may modulate trophectoderm differentiation directly through FRAP1-dependent cell signaling pathways [7, 8] . Moreover, minerals play a vital role in normal conceptus development through enzyme-catalyzed metabolic pathways [9] .
The present study tested the hypothesis that qualitative and/ or quantitative changes in glucose, amino acids, and electrolytes in uterine secretions coordinate with conceptus development during the posthatching and peri-implantation period of gestation. The results are expected to provide a new framework for studies to elucidate mechanisms whereby nutrients affect conceptus growth and development during the peri-implantation period of pregnancy.
MATERIALS AND METHODS

Animals
Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the presence of vasectomized rams and used in experiments after they had exhibited at least two estrous cycles of normal duration (16-18 days 16 of pregnancy (n ¼ 4-10 ewes per day and status), uteri were flushed with 20 ml of 10 mM Tris buffer (pH 7.0) after ewes were subjected to a midventral laparotomy, as we described previously [10] . Pregnancy was confirmed by the presence of one or more morphologically normal conceptuses. Conceptuses were removed and fixed in fresh 4% paraformaldehyde in PBS (pH 7.2). Uterine flushings were clarified by centrifugation at 3000 3 g for 15 min at 48C, and the supernatant was aliquoted and stored at À808C until analysis.
Experiment 2. During the 2006-2007 breeding season, ewes were observed for estrus and mated to fertile rams as described for experiment 1. On Days 13, 14, 15, and 16 of pregnancy (n ¼ 5 ewes per day), uteri were flushed with 20 ml of 10 mM Tris buffer (pH 7.0) after ewes were subjected to a midventral laparotomy, as we described previously [10] . Pregnancy was confirmed by the presence of one or more morphologically normal conceptuses. The volume of uterine flushing was recorded, and the flushing was clarified by centrifugation at 3000 3 g for 15 min at 48C. The supernatant fluid was aliquoted and stored at À808C until analysis. The conceptuses were processed as for experiment 1 for use in later studies of nutrient transporters.
Analyses of Glucose, Amino Acids, Glutathione, and Electrolytes in Ovine Uterine Flushings Uterine flushings (0.5 ml) were deproteinized with an equal volume of 1.5 M HClO 4 followed by addition of 0.25 ml of 2 M K 2 CO 3 , because they are the preferred acid and base, respectively, for processing biological samples for analyses of amino acids [11] and glucose [12] , and the processed samples also can be analyzed accurately for total glutathione [13] . The extract then was analyzed for glucose using a fluorometric method involving hexokinase and glucose-6-phosphate dehydrogenase as described previously [14] . Amino acids in the extract were determined by fluorometric HPLC methods involving precolumn derivatization with o-phthaldialdehyde as described previously [15] . Total glutathione was determined as described for cysteine [15] , except that the HPLC gradient, which consisted of mobile phases A (0.1 mM sodium acetate, pH 7.2) and B (methanol) as follows: 0-1 min, 3% B; 1.1-6.5 min, 14% B; 6.6-9.0 min, 100% B; and 9.1-16 min, 3% B. The integration of chromatographic peaks was performed using Millenium-32 Software (Waters, Milford, MA). Amounts of sodium (Na þ ), potassium (K þ ), and calcium (Ca 2þ ) in uterine flushings were determined using inductively coupled plasma-mass spectrometry in the Elemental Analysis Laboratory of the Department of Chemistry at Texas A&M University.
Calculations and Statistical Analysis
The total recoverable amount of each nutrient or ion was calculated by multiplying concentrations in the uterine flushing by volume of uterine flushing. The average volume (14. 
RESULTS
Recoverable Amounts of Glucose in Uterine Flushings (Experiment 1)
As illustrated in Figure 1 , total recoverable glucose in uterine flushings was greater for pregnant than for cyclic ewes between Days 10 and 16 of pregnancy (day 3 status, P , 0.05). In cyclic ewes, total glucose in uterine flushings increased between Days 3 and 13, remained elevated through Day 15, and declined to Day 16 (cubic effect of day, P , 0.05). In pregnant ewes, total glucose in uterine flushings also increased between Days 10 and 16 of gestation (quadratic effect of day, P , 0.05).
Recoverable Amounts of Basic and Acidic Amino Acids in Uterine Flushings (Experiment 1)
These data are summarized in Table 1 . Total recoverable arginine (Fig. 2) , as well as histidine and lysine (Table 1) in uterine flushings were greater for pregnant than for cyclic ewes (day 3 status, P , 0.05). In cyclic ewes, total amounts of arginine and histidine increased by 138% and 678%, respectively, between Days 3 and 14 of gestation, and remained high through Day 16 (cubic effect of day, P , 0.05). In pregnant ewes, total recoverable arginine, histidine, ornithine, and lysine increased (linear effect of day, P , 0.05) 8-, 22-, 5-, and 28-fold, respectively, between Days 10 and 16. Although amounts of ornithine were not affected by day or day 3 status, values were higher (status, P , 0.01) for pregnant than for cyclic ewes. Total recoverable aspartic acid and glutamic acid (Table 1 ) also increased to a greater extent in pregnant than in cyclic ewes between Days 10 and 16 (day 3 status, P , 0.05). For both amino acids, there were effects of day of pregnancy (linear effect of day, P , 0.01), and for glutamic acid there was an effect of day of the estrous cycle (linear effect of day, P , 0.05).
Recoverable Amounts of Small Neutral Amino Acids in Ovine Uterine Flushings (Experiment 1)
Glycine was the most abundant amino acid in uterine flushings from both cyclic and pregnant ewes, followed by serine (Table 2) . Serine was greater in pregnant than in cyclic ewes (day 3 status, P , 0.01), and glycine tended to be greater in pregnant than in cyclic ewes (day 3 status, P , 0.07). Within SELECT NUTRIENTS IN OVINE UTERINE FLUID status, effects of day were detected for serine in cyclic (cubic, P , 0.05) and pregnant (quadratic, P , 0.05) ewes and for glycine in cyclic ewes (quadratic, P , 0.0001). Day-by-status interactions also were detected (P , 0.05) for asparagine, balanine, cysteine, and praline (Table 2) , as values were higher for pregnant than for cyclic ewes. Between Days 10 and 16, effects of day were detected for asparagine and proline (quadratic, P , 0.05) in both cyclic and pregnant ewes, and there was an effect of day for cysteine in pregnant ewes (quadratic, P , 0.05). Changes between Days 10 and 16 for asparagine (23-fold), serine (6.2-fold), and alanine (4.3-fold) were greatest in uterine flushings from pregnant ewes (linear effect of day, P , 0.05).
Recoverable Amounts of Large Neutral Amino Acids in Ovine Uterine Flushings (Experiment 1)
Total recoverable glutamine (Fig. 3) , leucine (Fig. 4) , citrulline (P , 0.06), tyrosine, tryptophan, methionine, valine, phenylalanine, and isoleucine (Table 3) increased to a greater extent in pregnant than in cyclic ewes between Days 10 and 16 (day 3 status, P , 0.05), as values were greater (status effect, P , 0.01) for pregnant than for cyclic ewes between Days 10 and 16 (P , 0.01), except for citrulline (day effect, P ¼ 0.2) and valine (day effect, P ¼ 0.5). Interestingly, total recoverable glutamine (Fig. 3) , leucine (Fig. 4) , and isoleucine (Table 3) increased (linear, P , 0.05) by 20-, 3-, and 14-fold, respectively, between Days 10 and 15 of pregnancy.
Recoverable Amounts of Electrolytes in Ovine Uterine Flushings (Experiment 1)
A day 3 status interaction was detected (P , 0.05) for total recoverable Ca 2þ and Na þ in the ovine uterine flushings, and there was a similar trend (P , 0.07) for K þ (Table 4) . Values were higher (status effect, P , 0.01) for pregnant than for cyclic ewes, and there were effects of day (P , 0.05) within each status. There were also effects of day for Ca 2þ in cyclic and pregnant ewes (quadratic, P , 0.05), for Na þ in cyclic Total recoverable glutathione in uterine flushings was greater in pregnant than in cyclic ewes on Days 10 to 16 (day 3 status, P ¼ 0.02; Table 2 ). Total glutathione in uterine flushings from pregnant ewes increased 7-fold between Days 10 and 16 (P , 0.01).
(quadratic,
P , 0.05) and pregnant (linear, P , 0.05) ewes, and for K þ in cyclic (cubic, P , 0.01) and pregnant (quadratic, P , 0
Recoverable Amounts of Nutrients in Ovine Uterine
To confirm and extend results from experiment 1, experiment 2 focused on changes in glucose, amino acids, and electrolytes during the peri-implantation period of pregnancy. The data are summarized in Table 5 . The effects of day of gestation on changes in total recoverable amino acids, glutathione, and glucose in experiment 2 were consistent with those for experiment 1. Except for changes in taurine and K 
DISCUSSION
Histotroph supports conceptus survival and development during the critical peri-implantation period of pregnancy in mammals [1, 2] . In the present study, the amounts of glucose, amino acids, glutathione, and electrolytes increased preferentially in uterine flushings of pregnant ewes. Available evidence indicates that nutritional deficiencies during early pregnancy have serious effects on the outcome of pregnancy [1, 2, 16, 17] , as well as postnatal growth and health [18] . However, changes in the composition of uterine fluid with respect to specific nutrients, such as glucose and amino acids, during gestation and the significance of these nutrients are largely unknown [19] . This is the first report of changes in glucose, amino acids, glutathione, and electrolytes in uterine flushings of ewes during the estrous cycle and peri-implantation period of pregnancy.
In this study, total amounts of nutrients and electrolytes in uterine fluids are reported rather than concentrations in uterine flushings because a method has not been developed to estimate actual amounts of fluid in the uterine lumen due to rapid exchange of water, based on experiments with tritiated water, across the uterine endometrium during the process of flushing the uterus (Bazer, unpublished data). Moreover, there were more sampling times in the present experiments than reported for studies of bovine oviductal and uterine fluids [20] . Thus, our findings reflect dynamic changes in amounts of nutrients in the uterine lumen of cyclic and pregnant ewes. Results from experiments 1 and 2 were consistent in indicating significant increases in amounts of these selected nutrients in the uterine lumen that were coordinated with rapid growth, development, and elongation of conceptuses between Days 12 and 16 of pregnancy. These changes in recoverable nutrients were greater in pregnant than in cyclic ewes, which indicates that mechanisms for transport of these nutrients into the uterine lumen are likely influenced by regulatory molecules from Means with different superscript letters (a-e in cyclic ewes and u-x in pregnant ewes) within the same column are significantly different (P , 0.05).
SELECT NUTRIENTS IN OVINE UTERINE FLUID
conceptuses that, in turn, require these nutrients for successful development and implantation. Glucose, a major metabolic fuel for conceptuses [20] , increased in the uterine lumen during early pregnancy to support conceptus demands for energy. Assuming that the volume of ovine uterine fluid between Days 10 and 16 of gestation is approximately 1 ml (Bazer, unpublished observations), concentrations of glucose in ovine uterine lumenal fluids range from 1 to 3 mM, which is consistent with reports from studies of other mammals [21] . Concentrations of 2 to 3 mM glucose in uterine fluid are within the range of those in plasma of blood taken from the uterine artery and uterine vein of pregnant ewes (Bazer, unpublished data) . Optimal utilization of glucose during the peri-imlantation period is critical for survival of conceptuses [22] . During implantation, glucose [23] , rather than pyruvate [24] , is the primary energy source for ovine conceptuses, and utilization of glucose increases progressively between Days 13 and 19 of pregnancy [25] . Glucose in oviductal and uterine fluids is made available to conceptuses by glucose transporters present in conceptuses at all stages of development [22] . Interestingly, in sheep embryos but not extraembryonic tissues, both glucose oxidation and glycolysis peak on Day 15 of pregnancy [25] , which is coincident with the greatest availability of glucose in the ovine uterus ( Fig. 1 and Table 5 ). Similarly, total glucose in uterine flushings is greater in pregnant than in cyclic pigs, and TABLE 3. Effects of day of the estrous cycle, day of pregnancy, and interaction between day and pregnancy status on total recoverable large neutral amino acids (!C5) in ovine uterine flushings (nanomole; mean 6 SEM). 
Status
90
increases after Day 12 are associated with blastocyst elongation and formation of a filamentous conceptus [26] . Glucose can be used by conceptuses to form glycogen, nucleic acids, proteins, and lipids, and incorporation of glucose into these molecules increases during the peri-implantation period. However, in sheep conceptuses, very little glucose is incorporated into glycogen between Days 13 and 19 of pregnancy [25] . The transformation of glucose into other molecules may contribute to alleviating detrimental effects of glucose on embryonic development caused by the Crabtree effect, perhaps due to accelerated glycolysis [27] . Also, metabolism of glucose via the pentose cycle generates NADPH required for production of nitric oxide for oxidative defense and ribose-5-phosphate for nucleotide synthesis. Glucose can also regulate trophoblast cell growth and proliferation through the GFAT-mediated FRAP1 cell signaling pathway [6] . Glucosamine-6-phosphate is required for the synthesis of all glycoproteins, including membrane receptors.
Arginine, glutamine, and leucine in the ovine uterine lumen increased markedly during early pregnancy, compared with changes in cyclic ewes (Figs. 2-4) . Concentrations of these amino acids in uterine fluids (0.46-0.80 mM arginine, 1.2-1.4 mM glutamine, and 0.22-0.30 mM leucine on Days 15 and 16 of gestation) are much greater than those in maternal plasma [28] . Remarkably, amounts of arginine, glutamine, and leucine were 7-, 6-, and 5-fold greater, respectively, in ovine uterine flushings from Day 15 of pregnancy, compared with values for cyclic ewes. Additionally, the amounts of these amino acids increased between Days 10 and 16 of gestation (Figs. 2-4) , coincidentally with rapid growth and development of conceptuses during the peri-implantation period. These three amino acids likely play crucial roles in embryonic survival and development. First, they are abundant amino acids in cells and tissues. Second, differential effects of leucine, arginine, and glutamine on hypertrophy and hyperplasia of cells may be important for peri-implantation conceptus development. Leucine, glutamine, and arginine can stimulate FRAP1 cell signaling to activate its target protein kinase, p70S6, to induce cell proliferation [18] . The cellular responses include hyperplasia and hypertrophy for conceptus elongation in ruminants [17] . Third, motility and outgrowth of trophectoderm required for implantation can be stimulated by leucine and arginine via the FRAP1 cell signaling in mice [7, 8] and sheep (J. Kim and Bazer, unpublished data). Fourth, glutamine metabolism can provide reducing equivalents for energy production by ovine embryos, trophoblasts, and yolk sac [29, 30] , possibly to compensate for glucose metabolism [24] . Finally, arginine is nutritionally essential for fetal-placental growth and development via its role in nitric oxide signaling and polyamine synthesis [31] , as well as insulin secretion and insulin-mediated anabolic effects [32] [33] [34] .
An important finding in the present study was that glycine, serine, and glutamic acid are the most abundant amino acids in uterine flushings from both cyclic and pregnant ewes ( Table 2) . Glycine and serine are interconvertable via serine hydroxymethyltransferase, which contributes to one-carbon unit metabolism that is essential to DNA synthesis and cell proliferation. Interestingly, glycine is also the most abundant amino acid in ovine uterine arterial plasma [28] and uterine fluids from cyclic cows [35, 36] . However, unlike bovine uterine fluid, changes in glycine in ovine uterine fluids were affected by day of pregnancy (Table 2 ). This may be a species difference or a result of the frequency of sampling during the estrous cycle. Although the amount of glutamate in the uterine fluids of cyclic 
